Recently, Small Unmanned Aerial Vehicles (SUAV) are used in a variety of reconnaissance, surveillance, combat applications and so on. Tracking and positioning ground moving targets using a camera mounted on SUAVs has important applications in military and civilian purposes. Although many approaches for a vision-based target positioning system have been developed, most researches are limited to target recognition algorithm or target state estimation. And hardware implementation schemes which can work well with the whole SUAV system are seldom discussed. In order to achieve an available systematic scheme, a complete visual system which incorporates a vision-based ground moving target positioning algorithm is presented in this paper. Experiment results are finally shown and commented. Experiments indicate that the system performs great real time response and high positioning precision.
Introduction
Nowadays UAVs have received a considerable amount of research and industrial attention. The UAV technology is growing significantly and becoming more perfect in performance. Typical missions of UAVs require flying at low speed to follow a ground moving target. Such tasks demand accurate target position estimation relative to the UAV. In general, standard positioning equipment such as inertial navigation systems or global positioning receivers cannot sense relative position of the target with respect to the UAV. Effective execution of typical missions is only possible by on-board relative sensing and perception. Vision, in particular, is the richest source of feedback for this type of sensing [1] .
Over the years, a large number of researches about vision-based target positioning or tracking for SUAV have been made. Most of them only discuss target recognition algorithm or tracking control strategy, which is only one aspect of a visual system. So performance of the whole visual system in actual circumstance is not considered in vast majority of researches. Even though a complete system is given [2] , it is seldom on a rotary-wing SUAV platform.
In order to solve the problems above, a complete hardware structure of the visual system, which is low-cost and transplantable, is presented firstly. Then this paper presents a vision-based ground moving target positioning algorithm which performs high-precision and high-efficiency on a rotary-wing SUAV platform. This paper is structured as follow. In section 2 hardware structure of the visual system is general described. Section 3 presents the vision-based ground moving target positioning algorithm. Section 4 shows the experiment results. The last Section 5 provides some conclusion remarks of the visual system.
Hardware Structure Design
In this paper the experimental platform is Hirobo 90 model aircraft as shown in figure 1 . The hardware structure of the visual system in detail is presented in figure 2 . An embedded computer PC104 is selected as the center of the visual system for the reasons that it is small in size, low power consumption, high reliability and low cost [3] . A CCD camera with USB interface is connected to the PC104 and the camera will be installed vertically. We use the wide-angle lens for the purpose of expanding visual rang. RS232 serial ports are adopted as the main communication method of this system. Input of the system is navigation information, and output is position of the target. All of our programs run on Linux OS, and we select SSD (Solid State Disk) as the storage device of the system because of its large-capacity and perfect anti-vibration ability. The ground station, which sends controlling commands to the PC104 and receives calculated target positions from it, can be a personal computer equipped with a wireless serial module. 
Ground target positioning
The first step of target position is capturing image from the camera, so in order to ensure positioning precision we must remove nonlinear distortion caused by the wide-angle lens. After that, we can discuss the positioning algorithm. Implementation of the whole algorithm is shown in figure 3 . 
Camera calibration
To improve positioning precision it is necessary to obtain intrinsic parameters and extrinsic parameters of the camera through camera calibration. Though Zhang algorithms [4] and Brown algorithms [5] , it is easy to calibrate these parameters.
Target recognition
After capturing an image from the camera, a method that combines threshold segmentation and continuously adaptive mean-shift [6] is applied to search the target. As this part is not the key point of this paper, we use a simple red round board as the target. Through this step a raw target position is obtained.
Target correction
Because only the target point is considered, only one pixel is corrected in this paper. With the parameters from section 3.1, a corrected target position is obtained in this step.
Position calculation
A ground target can be regarded as a moving particle in 2-D plane. The target position relative to the SUAV is actually the target relative position to the point vertical below the SUAV on the ground as is shown in figure 4 . So a vertical on-board coordinate system whose z axis is always toward the center of the earth is used in following derivation of the positioning algorithm. Before presenting the main part of the target positioning algorithm in this paper, it is necessary to declare two kinds of coordinate system. One is image coordinate system which is shown in figure 5A , the other is vertical on-board (VOB) coordinate system which is show in figure 5B. A.
B. , C y ' ) in image coordinate system is necessary. On the supposition that the pitch angle is , state of the camera is shown in figure 6 . According to the variables mentioned above, conversion from C y to C y ' is shown as follow: The physics meaning of P 1 and P 2 is horizontal and vertical focal length in pixel that can be obtained directly from camera calibration. That is to say it is unnecessary to measure x max , y max , , and which is hard to do in practice.
Next, the target position (T x , T y ) in image coordinate system will be converted to the position (X, Y) in VOB coordinate system as is show in figure 7 . tan arctan
Similarly, expression of X is: Then we can get the target correction formula through (5) and (6) 
where the unit for X and Y is still the pixel. The relative height H in meter from navigation information can be used here to calculate the real distance between the target and the origin of VOB coordinate system. Finally, the target positioning formula is: 
Hereto, derivation of the vision-based ground moving target positioning algorithm that presented in this paper is fully completed. Output parameters of the visual system are X, Y and . In practice, obtaining H as precise as and is difficult [7] . So X and Y are treated as the most important parameters when the error caused by height is too large.
Experiment results
In order to validate the correctness of the positioning algorithm, a red round board is taken as the target. The camera is fixed vertically 1.09m above the ground, so pitch angle and roll angle are zero. Output frequency of the system is approximate to 25Hz that can satisfy the real-time When pitch angle and roll angle are variable and height is 2.05m, the experiment results are shown in figure 9 , where the target is fixed. Figure 9A shows the variety of pitch angle and output value on x-coordinate. Figure 9B shows the variety of roll angle and output value on y-coordinate. Experiments indicate that in VOB coordinate system, the farther the target is from the origin, the more significantly the positioning error is influenced by the pitch or roll error. And the positioning error increases linearly with height. The positioning algorithm which is presented in this paper is high-precision and high-efficiency. The visual system is modularized, expandable and transplantable. And it also offers the advantages, such as compact hardware, low-power and good real-time performance.
Conclusion and future work
We have presented a vision-based ground moving target positioning algorithm for the rotary-wing SUAV. And a complete on-board visual system applying this algorithm is given in this paper. This system can reliably provide precise target positions for a SUAV who needs target positions to accomplish tracking task.
Future works will include further improve positioning precision and extending the algorithm to include position prediction and velocity estimation.
